An investigation was made of physical effects of Gulf Stream meandering on the vertical and horizontal distributions of photosynthetic pigments and primary production. Cruises were conducted in the vicinity of a meander east of 73øW and north of 37øN from September 21 to October 5 (leg 1) and October 12-21, 1988 (leg 2), on the R/V Cape Hatteras. Relationships of photosynthesis (normalized to chlorophyll) to irradiance (P-I) did not show large horizontal variation, and water column composite P-I curves from leg 1 and leg 2 were similar. Therefore a single P-I curve derived from pooled data was used to model distributions of primary production. Distributions of photosynthetic pigments were characterized on the basis of in vivo fluorescence profiles and empirical relationships with extracted pigment concentrations. Subsurface irradiance was described using a spectral irradiance model. Cross sections of the Gulf Stream revealed consistently higher pigment concentrations and primary production on the slope water side. Along-stream variations in pigment distributions and primary production were apparently related to density structure influenced by meander circulation. Such variations were less pronounced during leg 2, which came after a transition from a well-defined meander interacting with a warm-core ring (leg 1) to a more linear stream (leg 2). Higher water-columnintegrated primary production during leg 2 was attributed to mixing-induced nutrient injection and redistribution of chlorophyll in the photic zone.
INTRODUCTION

Mesoscale features of Gulf
n, P-I *Curvilinear coordinate system for the meander as described by Mariano [1990 Mariano [ , 1991 . The nominal cross-stream coordinate of the high velocity core is 0 km and the north wall of the Gulf Stream is usually located between 20 and 25 km. The along-stream coordinate of the meander crest is 0 km with positive values corresponding to the downstream direction.
?Conductivity/temperature/depth and fluorometry were measured at all stations. Other parameters were as follows: pg, pigments; n nutrients; SIS, simulated in situ primary production; P-I, photosynthesis-irradiance.
were obtained at all stations. Fluorometric assays of photosynthetic pigments (modified from Holm-Hansen et al. [1965] ) were performed at selected stations (Table 1) . Concentrations of chlorophyll a (Chl a) and phaeopigments were determined fluorometrically using a Turner Designs 10-005R fluorometer fitted with a Corning 5-60 excitation filter and a 2-64 emission filter. Samples were filtered on glass fiber (Whatman GF/F) filters and extracted in 10 mL of 90% 
Primary Production and Photosynthesis-Irradiance
Measurements
Primary production during leg 1 was determined by in situ and simulated in situ methods. Short term (< 1 hour) in situ primary production measurements were determined at stations 33 (15 m) and 34 (15, 45, and 75 m) using an autonomous submersible sampling and incubation device (Taylor and Doherty [1990] , as described by Lohrenz et al. [1992] ). Primary production was determined by the simulated in situ method at selected stations (Table 1) (Table 1) , photosynthesis as a function of irradiance (P-I) was determined using a modification of the method of Lewis and Smith [1983] . Generally, measurements were made at four depths. Samples were inoculated with Nail •4CO•-(final concentration, 10 mCi L -1) and aliquots of 1 mL were dispensed into glass scintillation vials (7-mL capacity) in a temperaturecontrolled aluminum block. Total added activity was determined by subsampling into 5-mL Ecolume scintillation fluor plus 0.2-mL phenethylamine. A range of "white" irradiance was provided with 2 ENH-type tungsten-halogen projection lamps directed through a heat filter of circulating water and attenuated with neutral density screens. Quantum scalar irradiance in each position was measured with a Biospherical Instruments QSL-100 4rr sensor with a collector modified to where I(A, zi) is the spectral irradiance at wavelength A and depth zi.
RESULTS
Spatial Variations in Photosynthesis-Irradiance Properties
Spatial variability in photosynthesis-irradiance (P-I) parameters was examined by plotting data as a function of distances either across or along the Gulf Stream (Figure 3) . Cross-stream and along-stream coordinates corresponded to a curvilinear coordinate system [Mariano, 1990 [Mariano, , 1991 (Table   1) Figures 7 and 8) and leg 2 (Figure 9) . In all cases, sections across the Gulf Stream revealed higher biomass and productivity on the slope water side of the Gulf Stream core. However, along-stream patterns, apparently related to density structure influenced by mesoscale circulation, were different between leg 1 and leg 2. As discussed below, the transition from a nearly constant amplitude meander in interaction with a warm-core ring (Plate 1, leg 1) generally higher than those observed during leg 1. In addition, during leg 2, near-surface rates of primary production north of the Gulf Stream core reached higher values than those observed during leg 1. To illustrate changes in the water column structure between leg 1 and leg 2, a comparison was made (Figure 11 ) of vertical profiles of total pigments and density between two locations, stations 8 and 46, occupied during leg 1 and leg 2, respectively, and having similar positions relative to the meander (i.e., similar curvilinear coordinates, see Table 1 ). A distinct subsurface pigment maximum, apparent at station 8, was not evident at station 46, where the density profile revealed a deeper mixed layer.
Temporal and Spatial Variations in Water-ColumnIntegrated Pigments and Primary Production
Consistent with cross-section observations, watercolumn-integrated pigments (Figure 12 and Table 1 ) and primary production ( Figure 13 and Table 1 ) were consistenfly higher on the slope water side of the Gulf Stream for both legs 1 and 2. Generally, cross-stream differences exceeded those observed in the along-stream direction. However, some along-stream variations were evident. During leg 1, integrated primary production ( Figure 13 -stream coordinates near -128 km) . This location also exhibited relatively high integrated primary production (Figure 13 ). There was other evidence of along-stream variation in integrated primary production during leg 2, with highest values occurring in the slope water downstream of the crest (along-stream coordinates of 75 km). This corresponded to a region of substantial ring interaction (Figure 6 ). Water-column-integrated primary production along the stream on the slope water side was uniformly higher during leg 2 as compared with leg 1 (Figure  13) , and this was consistent with the patterns observed in near-surface rates of primary production (compare Figures 7   and 9) .
In modeling primary production during this study we assumed that a single set of parameters was representative of all regions at all times during the study. As described previously, this assumption was based on evaluations of parameters that included coefficients for estimating total pigments and Chl a concentrations from in situ fluorescence profiles (equations (3) and (4)) and the parameters of the water column composite photosynthesis-irradiance relationship Figure 4 ). With the assumption that a single set of parameters was representative, the spatial and temporal patterns in modeled distributions of primary production were primarily driven by patterns in in situ fluorescence, a variable determined with relatively high resolution and precision. To determine the sensitivity of model output to potential errors in parameters, we introduced a variation of ---20% in individual terms and examined the effect on the modeled estimates of water-column-integrated primary production at four representative stations (stations 9, 12, 58, and 59). The range of -20% was chosen as an approximation of the uncertainty of model estimates of these terms resulting from spatial and temporal variation within the study region (for example, the mean percent deviation between the modeled Chl a term and measured values was 20% in the upper 200 m, the depth range applicable for estimating primary production). Results were similar for all four stations ( Table  2 ). The analysis made it evident that model output was most sensitive to errors in estimation of Chl a, matching the variation of ___20%. The model was slightly less sensitive to errors in a and • Pmax, with output varying by 8-12%. Neither regional nor temporal gradients in the parameters for estimating Chl a from fluorescence or the water column composite values of a and p mBax could account for the observed patterns in modeled primary production distributions. There was an apparent temporal dependence in the relationship of total pigments to in situ fluorescence, as evidenced by differences between leg 1 and leg 2 (Figure 1 ). However, model output was least sensitive to variations in the pigment term ( Table 2 ), such that the use of a common set of pigment parameters for both leg 1 and leg 2 was unlikely to alter our interpretations (in fact, if pigment parameters specific to leg 1 and leg 2 had been used, existing temporal differences in primary production distributions would have been more pronounced).
DISCUSSION
The hypothesis that differences in photosynthetic parameters of phytoplankton populations were related to different physical regimes within the meander and associated water masses was partially supported by our data. Photosynthesis- Figure 4) . Furthermore, there were no significant differences between leg 1 and leg 2 water column composite P-I parameters (Figure 4 ). This was in spite of the fact that different methods were used to measure primary production. An implication of these findings was that variations in the amount and vertical distribution of photosynthetic pigments had a greater influence on water-column-integrated production than did regional or temporal variations in photosynthetic parameters. A similar observation was reported for phytoplankton populations associated with a frontal boundary in the California Current [Gaxiola-Castro and Alvarez-Borrego, 1991]. Our second hypothesis, that along-stream variations in distributions of pigments and primary production could be related to meander physical structure, was also supported by our observations. Distribution patterns were consistent with physical descriptions of Gulf Stream meanders [Olson, 1990] . The major evidence for a circulation-induced response was the correspondence of variations in the depths of pigment maxima and isopycnal surfaces along the stream core. During leg 1 (Figure 7) , elevated isopycnal surfaces and associated pigment maxima were suggestive of upwelling at the meander crest (stations 2-6). In contrast, depression of isopycnal surfaces and associated pigment maxima were consistent with downwelling in the trough (stations 20-22). During leg 2 (Figure 9 ) there was similar evidence of vertical shifts in pigment distributions and isopycnal surfaces as a function of position along the meander, although the magnitude of displacement was less than that observed during leg 1. This presumably reflected the characteristics of a more zonal stream during leg 2. Our results confirmed reports by other investigators [Hitchcock et al., 1993] nutrient supply, and removal by grazers and sinking. The importance of advective transport was particularly evident in the case of some deep pigment features we observed. For example, the subsurface pigment maximum at station 21 (Figure 7 ) was apparently advected from shallower waters rather than originating in situ because irradiance was insufficient (0.01-0.03% of surface incident irradiance) for substantial growth at those depths. Further evidence of advection was the fact that TS characteristics at the depth of the subsurface pigment maximum at station 21 were similar to those at the depth of a shallower pigment maximum at the adjacent station 20 (data not shown).
As is apparent in the distributions of pigments, alongstream variations in vertical distributions of primary production were related to meander circulation features. During leg 1, strong cross-stream gradients in rates of primary production were observed at the western transect (stations 2-6) and were less pronounced for subsequent transects downstream (Figure 7) . The rates of primary production were apparently related to the depths of the nitracline, with higher rates corresponding to shallower nitracline depths ( 
Along-Stream Distance (km)
Areal contour map of water-column-integrated daily primary production plotted in a curvilinear coordinate system as described in Figure 3 . also apparent in the vertical distributions of primary production (Figure 7 ). Another feature of our observations was the increase from leg 1 to leg 2 in water-column-integrated production along the northern edge of the front (Figure 13 ). The increased production without a concurrent change in pigments (Figure 12 ) was suggestive of mixing-induced nutrient injection; this was in contrast to vertical shifting of populations with their ambient nutrients in the irradiance field as seemed to be the case along the meander during the leg 1 survey. Speculation that nutrient entrainment into surface waters occurred between leg 1 and leg 2 was supported by the observation of higher surface densities during leg 2 (compare Figures 7 and 9 ) and the close relationship between density and NO•-+ NOoe concentrations (Figure 10 ). Further evidence that mixing had occurred was an apparent "erosion" of pigment maxima in the period between leg 1 and leg 2 (Figures 7, 9, and 11 ) and the lack of any vertical gradient in a in the slope water during leg 2 (Figure 3 ). There are two basic mechanisms that could be invoked to account for the observed changes in water column structure between leg 1 and leg 2. One possibility was the occurrence of a "fall bloom" in the slope water in response to the observed passage of an atmospheric front. Alternatively, the collapse of the meander and the product of the mixing induced by the ring interaction and the frontogenesis associated with the formation of the zonal Stream might be implicated.
Enhancement of phytoplankton biomass and productivity due to upward entrainment and isopycnal advection of nutrients at deep oceanic current boundary fronts has been suggested [ Yentsch, 1974; Fasham et 
